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I. ABSTRACT
/57T

Cells that were placec on a 35 - 65 minute automatic cycle of
a 50X depth of discherge have reached 4634 cycles. The memory effect
was observed, and overcome by tvo methods.

The theory of oxygen reduction mechanism given in the previous
report has been substantiated by other experimen:is. This thaory desls
with an H atom mechanism. According to a recant publication, the H atoms
sre interstitial in the Ni matrix. The theory is consistent with 11 ex-
perimental findings. The electrochemical theory is consistent with hslf
of thesge findings.

Cell efficiency studies were contfnued. The past work desls
essentially with a pessivation ¢ffect. This effect was studied with
controlled potential charging, :nd related, descriptively, to the cen-
stant current charging. Work wes also done on the charge efficiency of
the positives before the onset of paessivetion. This was done by the use

A 2
of porous Ni bodies as the cathcdes. #e



I1., ELECIRICAL PERFORMANCE OF V0O-6BS CELLS

A set of VO--6HS cells that was placed on an auvtomatic 50%
depth cycle Auvgust 20, 1962, hsve complated over 4600 cycles. This
cycle consists of a 35 minute discharge at 5.15 amperes or 3.0 ampe:e
hours, followed by & 55 minute charge at 3.86 amperes, which corres-
ponds to an 187 overcharge based on the capacity removed. The voltage
snd temperature of a typical cell are plotted in Figure 1 for cycle
sumber 4634. Tthe temperature shown is the skin temperature of the cell
in an environmant where convection currents are restricted.

Figure 2 i8 a plet of end~of-charge and z2nd-of-discharge voit-
ages varsus cycle number. These are svarage values calculsted each doy
{rom the first cycle of the day. Therxe is & continuous increasing of
tha end-of-charge voltage and a continuous decrease in the end-of-d:s-
charge voltage. Betwaen 3800 and 4000 cycles there was sm.@ mechaniceal
difficulty with cthe relay on the cherge circuit, but since this has been
fixed, the end-of-discharge voltage has stebilized at slightly above
1.00 volte. It is impossible with this cycle te reduce the end-of-churge
voltage withou: lowering the end-of-discharge voltage ::oa.1 Because of
vhe "memory effect" these cells have eetentiaily a 3.0 ampere hour cay-
acity and v1ll discharge down to 1.0 volts? Since cha period of the
charge cycle i3 fixad, any increase in overcharge must be accomplislted
by increasing -he current, &nd this will result in high pressures. 1f
the cell i{s removed from cycle whllg charged und given a C/i0 ovevcharge
for 24 hours the capacity comes back to aimost the full capacity? 1f

the cell ie discherged to 1.0 volts, thezn shorted through a on: ohm re:



sistor to 0.1 volt, then given a dead short for two hours, followed by a
C/10 charge for 24 hours, the full capacity is usually recovered. A
second such trestment has siwvays resulted in recovery of the full cap-
acity.

The two experimental V0-6 HS cells which were removed from a
70% depth of discharge cyclé du: to high pressure were checked for cap-
acity. The capacities were found to be 3.63 and 4.8 ampere hours.
After the above mentioned treatnsnt, the capacities were 6.5 and 6.6
ampere hours respectively. After a second treatment followed by a C/10
overcharge for 7 days, the capaclfies were each 7.6 smpere hours and

the overcharge pressures were luss than 10 psig.



IXII. OXYGEN DEDMGEION A% THE CDMIUM BIELECIRCDE

A mew theory to exwulain the reductiox of oxygen &t the nezgative
electrode 728 pres=ntnd in the lust gquarterly report cf thia series,
Zesontially the thuory postulated the presstce of hydrogen atoms in the
grid and masrix of the negelive risctrode. (surgen rezches these reacs
tion 8ites and s reduced.

A nucder of experimentul proofg for :his mechanism wazre dis-
sussed, %ha first se¢t of groofs concerrs predictiors of & lag im oxyan
consumption on a blank cathode vhen current £low comsences, and also a
eovtinuing condumpiion of ceygen s«fter current inte:sruption. Fhese e
periments were run end Such characteristics werse observed.

Since the writing of the last report, anotlisr importsat poini
was brought to light. 1If we are desling with 1 chewical resction that
cavses depolarizstion, the effect of oxygen prassure on the slectyade
potential should be small. Anothar wey of sta:ing ¢his, which will be
useful, 18 that while a perexyl or oxygen =lec:rode should erhibit a
sicpe of 15 mV for & plot of log ¥ vs Ezv, a chemical elacirods shovld
exhibit a2 much larger value of slope. Such zeasurem:nts were made anc

4 .
large 8lopes found. In addition, date were taken from Dehmeits and

von D@hran“as pép@r, vnd th: glope wae celculazed. This slope was more
in agrecment with our data than with the 153 aV required for & perony?
#lectrode,

the titanate test for pi:roxide was cpplied. The ewperimeate:

conditiont were such a8 teo give large amounts of pevorfde 1f 1t was

fore-d.



the effect of oxygen on reference electrodes was such as to
‘ alter ail results from quantitative data into descriptive work. Attempts
were made to find suitable refercnce electrodes. A Hg/HgO, KOH electrode
appears suitable for a limited time.
A. REFERENCE ELECTRODIS
The nickel oxide electrode when fully charged does show a
dependence upon oxygen pressure, which makes a reference elec-
trode of this materisl suspect. The Cd electrode also shows a
potential dependence on oxygen pressure6’7. Jany and Ives8 have
revieved the use of reference electrodes in alkaline solutions,
and do not report sny suitable under the experimental conditions
existing in sealed slkaline batteries. ‘there is the possibiliity,
however, thsat the Hg/Hz0 electrode wmay yield reproducible poten-
tials in so far as oxyzem i{s concerned., Thus, an investigation
. was started on these roference electrodes.
1. Blank Cell Studies of Pressure-Voltage Relationship

The cells used were described previously. Two sets of
data sre being reported. One set pertains to a cell having
nickel hydroxide anodes and blank cathodes. The other per-
tains to a cell with silver anodes and blank cathodes.

The silver-blank cz1l was operated at the Ag Aszo
voltage plateau.

These cells were filled with oxygen and then allowed to
stand for at lezst 15 minutes tc ensure no change of oxygen
pressure with tims. The charge was started which corres-
ponded to a C/10 rate (600 ma) end pressure and voltage

vere recorded. It is assumed that the anodas could serve



as reference electrodes. It showed ¢hat this particular
asgsumption may be invalid, and is the reason for the work
on reference electrodes. Another objection to the useful-
ness of this technique is that polarization may obscure

the changes in poton;ialo This may be tested by taking our
data even after the ;;ressm:e in the' cell is increasing and
hydrogen is being bptoduced.

While hydrogen is being produced, the unimpregnated
nickel eiectrode is expected to behave ss a hydrogen elec~
trode. The theoretical slope of log P v8 E for a hydrogen
electrode is 30 av, | |

Examples of data are shown in F_igures 3 and 4 for the
silver-blank cell and in Figures 5 and 6 for two Ni (0H),=
blank cells the calculated slopes are indicated in the
Figures. For the oxygen consumption region these range
from 176 to 665 nV compared to a theoretical value of 15mV.
In the hydrogeﬁ evolution region the slopes range from 20
to 57 mV averaging 38 mV. The average slope is not too
different from the theoretical slope of 38 mV. Additional
work with more suitable reference electrodes is required to
make this work more quantitative.

Dehmelt and von Dohrens have performed work vhich nmay
be subjected to the same analysis., It is given in Figure 5
of this reference. Their data ware replotted and is shown
in Figure 7. The best slope, as also used with the data

in this work, is found to be 233 mV. This value is in sub-



7.

stantial agreemeﬁt with our lower values of 176 and 186 wV,
and again is much different from the theovetical value of
15 ov.

Dehmelt and Qis co-worker used a Cd/cd(oa)2 electrode
for reference potentials, Because of the effect of oxygen
on the potentisl of this electrode, this work is also des-
criptive rathexr then guantitstive. The importance of the
reference electrode studies is emphasized by the inability
to make quantit&tive observations on the electrodes while
they consume oxygen. It should be pointed out that if the
reference electrode changes its potentisl in the same manner
a8 the blank electrodes, the slope will be infinite for the
uncorrected measurements. The large values found may be
due to this error. The fact that when the electrode evolves
hydrogen, it behaves as a hydrogen electrode lightens the
burden of suspicion on the silver and l%ﬂ.(OH)2 electrodes.
Yhe question, however, remains unresolved at this time,

The value of the method 1is strongly indicated.

2. The Hg/HgO(C) Pasted Electrodes

a. Experimental Procedure

Six Hg/HgO refarence electrodes numbered V-4 -~ V-9
were prepared as follows:
V-4: Hg - Hg0 - graphite-water mixture from a mercury
cell was pasted on a nickel plated steel grid. The
lead consisted of a nickel wire coumnected to the grid
mechanically by twisting. The grid and pasted mixture

was then wrapped ia a small piece of Pellon V separator
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and edge coated with polystyreme in methyl-ethyl ketone
for mechanical strength.

V5 and V-6: The edges of a nickel grid were soldered
a3 was the lead wire in each case. The same type mix-
ture was then pasted and pressgd on to the grid under

a pressure of 15 tons. The edges of the electrode were
coated with the seme lacquer as V-4,

V-7 and V-8: Silver sinters were used a8 grids. In the
case of V-7, & circular hole was made by scraping off
the silver until the X-met showed. In the case of V-8,
an entire side of the sinter was scraped off. Silver
leads wirea.éere then soldered to each sinter. The
sinters were first prepared by amalgamating them in a
0.05 M acidiffed mercuric chloride solution. Then the
sinters were pasted, pressed and lacquered in the same
manner as V-5 and V=6.

V-9: Same a8 V-7, except that a mercury-red mercuric
oxide-water mix was used. |

The pasted electrcdes were immersad in a beasker cell
containing 40% aqueous potessium hydroxide. Tank ni-
trogen (taken as € atmospherea\ 02). compressed air
(0.2 atmosphere 02) and tank ox'ygen (one atmosphere 02)
were passed in turn contimuocusly through the electro-
lyte in the beeker cell. This céll was isolated by a
salt bridge from & standard Hg/ﬂso reference cell in

ordexr to prevent the gas purges from affecting the



standard. The chaages in poteni:iala of the six test
electrodes with tize under each purge condition were

measured.

b. Experimental Results

All of the electrodes, except V-7 and V-8 were un-
stable and deteriorated on standing in KOH. Conse-
quently V-7 and V-8 were selected as useful cell ref-

- erence electrodes. The rate of change of voltage with
pressure was found to bé 0.0125V at 1 atmosphere, (See Fig. 8§

B. TIME LAGS o

In contrast to the lag P versus E work, the time lag study
is difinitive in several respects. First, there is no doubt
gbout the experimnt#l data, and secpnd, it provides a unique
differentiation between a chemical end electrochemical mechanism.
 fhe theory which 1s to be substantiated states thsat oxygen
is reduced by atomic hydrogen in the nickel grid, or on ift. A
recent paper providas proof of interstitisl hydrogen in Nig.
If oxygen is added to a cell that contains porous Ni bodies ae
cathodes, and the hydrogen atoms are removed from the Ni by
waliting until the pressure no longer drops, it is reasonable
to assume that the Ni is clear of H atoms.

When oxygen 1s present over clean nickel, and current is

passed through to make the nickel cathodic, several cases may

occur. If the 02 is reduced Qié'c-:tfoéhemically, then one ex-
pects the pressure decsy to be instantaneous with current.

Also, wvhen the current is interrupted, the oxygen pressure
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should no longer dacay. On the other hand, the chemical
theory sdvanced here requires that hydrogen atoms first be
put into the nickel, and the oxygen consumption rate is de-
pendent upon the degrees to which the atoms are in the nickel.
Since the surface is originally clesn, then the instantaneous
rate should be zero and slowly build up to some steady rate
of consumption. A tire lag i3 therefore predicted by the
theory.

Continuing this argument, when the current is interrupted
there will be some concentration of H atoms in the Ni corres-
ponding to the steady state coverage. It is therefore predicted
by this theory that even after current interruption, oxygen will
be consumed at a decreasing rate until the Mi is again free of
H atoms.

These experiments were run in the blank cells with the oxygen
pressure set at 4.4 atmospheres. Such delays were found and
are given in Table 3. This technique was not considered suffi-
ciently sensitive since imperceptible movements of the dial
could occur ins:antaneouelyb, and the results may be an error of
judgement. A finer experimenf was therefore designed.

The refined experiment consisted of reducing the oxygen
pressure in the cell to barometric pressure and attaching a
1 ml graduated pipet. The pipet had a drop of water in it to
serve a8 an indicator. The pipet was kept horizomtal.

When the curreant was stavted, approximately 10 to 20 sec-

onds elapsed before the water columm started to move. The
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.current was interrupted when the water column was near the
end of the graduations (0.9 ml). The water column continued
to move off scala, and¢ definite motion was perceptible for

about 90 seconds after current interruptionm.

C. PEROXIDE TEST

This test is a very delicate one, and involves the oxida-
tion of Ti% by bydfogen peroxide, which is ihought to yield
peroxyticanic acid by some wotkérs. '!hg peroxy-acid imparts
a yellow to red color in the presence bf peroxide, depending
upon the concentratiocr of ‘!‘1%. The test reaction proceeds
in acid or even ueutrzl solut»ion. From data given by wellslo,
the sensitivity of~ the te;:at wss calculated to be 0.4 ppm

which corresponde to 1,25 x IOQSH %0,

Experimental

A 0.03 M titanium sulfate test solution was p;répared inlM
HCl. One drop of this solution, when added to 8 0.5% hydrogén
peroxide blank in 1¥ ECl changed the blank from colorless to
distinct .anber. Then & VOFG hermetically sealed Wi-Cd cell
was pressurized to 50 psig with oxygen and placed on 5A chaxge
for 1 hour. fThe cell was taken off charge, and within the next
3 minutes, the cell was opened, a nagative elaectrode was stripped
from the cell stack and plunged into a solution containing twice
the amount of acid neecded to neutralize the KOH on the electrode.
Within four minutes, 10 ml of titanium sulfate test solution was

added.



12,

Resuits: Under these conditions, peroxide should have been
formed and detectad, if the necessary reaction with
'1‘144 occurrad, The peroxide test was negative.
This test could detect 0.4 ppm H,0,. The (_)2 con-
sumption is equivalent to 0.001 mole nzoz. Upon di-
lution by neutraiization, the concentration of uzoz
should be about 7.0007 molar or 3 ppm. Since H202
is not stable in alkaline solution, the meaning of
the negative result can not be interpreted until
measurements of the rate of Hzo2 decomposition are
known and compared to the 3 minutes elapsed time be-
tween interruption of charge and neutralizatién.

D. DISCUSSION

For a proposition of oxygen reduction via an electrochemical
process, one needs to find the product if it is unique. 1In this
case peroxide, not in the cell normally, is required to substan-
tiate this hypothesis. No peroxide was found within the detec-
tion limits of the titanate test.

Secondly, an electrochemical procees also requires a Nernst
type relationship between :he logarithm of oxygen pressure and
potential having a slope of 15 mV. While the slope actually
found is much different from this value, concurring with Dehrelt
and von Dohren's experimental results, it only leads to a sue-
picion that g depol;rtzation process is occurring by chemical
reaction rather than by an electrochemical process. 1In order
to substantiate this suspicion, one nseds suitable reference

electrodes, the behavior of which in the pressure of oxygen
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and hydrogen is known.

The work on the time lags is definitive., Only a chemical
process accounts for the slow initial consumption process, and
for a continued copsumption when current no longer flows
through s porous nickel elsctrode.

There are several key points that the present theory fits
that the electrochemical theory does not fit. 1In addition, no
disagreement has been found between the results of investigations
by various workers in the field, including the work this labora-
tory has donc, and the theory.

The kay poiants are:

1. While the negative elactrode becomes more anodic with

an increase of oxygen pressure, the consumption rate does

not decrease,

2. The small activation ensrgy of 5 kcal/mole is consist-

ent with a reaction involving atoms.

3. fhe polarographic curvas at Ni does not exhibit an

oxygen vave,

4. Peroxide is not found.

5. The consumption lags observed at initiation of current

and after cessation of current.

Other points that are fitted equally well by both theories
are:

1. Pressure versus current curves are straight lines over

wide regions,

2. Anodic shift of potential with increased oxygen pressure.

3. Kinetics zero order in Cd and first order inm oxygen.



14.

4, Consumption of oxygen on open circuit by the Cd

bielectrode.

5. Decreased oxyg=n consumption rate in a flooded cell.

6. Faster consumpiion of oxygen on overcharge than on

open circuit,

Thus there are eleven experimental facts, six of which
cen be equally satisfisd by both theories, but the other five

are gsatisfied by the chemical theory given in the previous report.
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1V, CHARGE EFFICIENCY

The charge efficiency of a2 nickel-cadmium cell is dependent
upon the efficiencies of the two electrodes. The term "charge effi-
ciency” is ambiguous and requires scme clarification. This clarifica-
tion arises from the ‘experimntinl re3ults contained in this and the
previous quarterly report.

When a cell is being chargad at a current I, some of this
currgnt is producing a side reaction. FPFor example, while Ni(OH) 2 is
converted to NiOOH some oxygen is being formed by the oxidation of OH .
This, then provides one definition of a charge efficiency.

At gome later time, measurad as charge input, there is a
change of charge efficiency to a fairly low value. Thie is exemplified
by the Cd electrode. This electrode exhibits a step change in potential
to a more cathodic voltage and simultaneously evolve gaseous hydrogen.
For the purposes of this discussion, it is the change of dominant elec-
trode process that is more important than the potential change. This
change of dominant process is termed passivation.

There is amother term in common usage related to charge effi-
ciency. This term is the utilizaticn coefficient. It is defined as the
ratio of discharge capacity to the theoretical capacity. It is a quite
useful term, but it is confounded by the discharge rate and the charge
efficiency in the two senses given ebove.

During the past quarter, edditional work was done on the
charge efficiency as governed by pessivetion of the electrodes. Work

was instituted on the charge efficiency concerned with side reactions,
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which, for convenience is texmed the current efficiency.

The current efficiencies of the nickel oxide slectrodes were
measured by means of special cells which contained positive electrodes
and unimpregnated negstives. For a given curreant a theoretical oxygen
consumption rate can be calculated. Deviations of the experimental
values from the theoretical values indicate the amount of current going
into a side reaction.

There are two possible side reactions. One is the electro-
chemical oxidation of hydroxyl ions to oxygen and water, and the other
is the formation of unstable oxides of Niu. The unstable oxides can be
msasured by open circuit pressure changes immediately after charge.
There 10. a complication, however, since cells will be used and oxygen is
consumed by the negative electrodes. A theoretical analysis is presented
which allows interpretation of the datas.

A, PRESSURE CHANGES AT THE END OF CHARGE

In the two previous quarterly reports in the work on the
charge efficiency of the nickel oxide-cadmium alkaline system
several curves were shown which were indeed interesting. These
sre the curves of the pressure changes in a cell after charging
and evacuation.

~ The typical uﬁeéts-.df cﬁeie_ _:éuzliuivgrvuf_e., that the preseures -
at first increased rapidly, then they leveled off and finally
started to decrease. These curves are to be expected on the
basis of the self-discharge processes that the positive elec-
trodes exhibit, and the oxygen reduction process that occurs
at the negative electrode.
Such experimental data can, at least in principle, afford

information on the ovsrcharge process and cherge efficiency of
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the positive electrode. This is one of the objectives in the
contract, In addition, information can be gained on the szelf-
discharge processes. This can be used as an adjunct to some
information alxeady availsble on these processes. A third
area of information will be on the oxygen reduction process,
This last process is also part of the objectives of the px;ec-

ent work, and separste experiments are reported in snother sec-

. tion of this report.

In order to obtsin mawimum information from these data, (it
is necessary to eliminate the effects of the second cemsecutive
self-discharge process and the oxygen consumption process) g
method is neaded. This msthod is supplied by a theoretical
consideration of the system we are studying. b'.l'he law that des-
cribes the self-discharge is known as is the law that describes
oxygen reduction. By using these laws in differential form to
explain the pressure behavior and solving for the initisl rates,
the derived function is the method used for analyzing the ex-
perimental data. This treatment is given in detail in the next
section,

1. Theory

fhe oxygen evolution processes from cherged nickel ox-
ide ele;:t:rodes have been shown to consist of an oxygen
source which yields oxygen in two consecutive processes.

The first process has a rate constant approximately 1072
por minute while tha second is ap;rcx;fmaf:“e_ly‘ 1/20 of this
racen. There is some evidence for a third self-discharge

’proceﬁq in which bxygen. is evolved, and, if it is also a
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firat order reaction, its decay congtant {8 catimated
to be about 10°4 per minutelz. Another oxygen evolu-
tion precess takoe place, but it is zero ocrder end ex-
tremely slow. It shall be neglected in this treatmeni,

The oxygen reduction process is independont of the
state of charge of the negative elnctrode, a% lzast ghove
about 2/3 atmosphrve partial prussure of oxyzen. Above
this pressure the reection is first order with respect:
to oxygen. Bealow Z2/3 stmosphere oryzen is sii1l reduced,
but the specific velocity constant 1z considerably less
than for the higher pressure condition. 1In adéition, when
a cell is compleisly flooded so that all the active m:t:ir-
tal is below the :lsctrolyte level, oxygen is still re-
duced. The rete vonstant for flooded cells is smaller
than for unfleooded cella*.

In order to s:t up. the differential equecions which
govern the behavicr of charged-evacusted celis, severul
agssumptions will te made, for ciarity and simplicity,
which probably do not significantly affact the concluszions,
Firet we shall assums that only the first two rapid s¢li-
discharge reacticns of the positive nickel onide electrode
are significant. 3scond, we shall assume thuat the trinsi-
tion from the high pressure oxygen reduction reaction to
th: low pressure reaction is discontinuous. In this psnner,
we do not need the function reluting the rate constani to
the pressure, but merely substitute the appropriate velue

depending upon the pressure range encountered in the ex-

#YThe rate constant is that of a heterageneous resction so that changes may

be effective changes corresponding to different surface sress or reaction
sitea.
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periments. It is therefore, to be recognized that this
sort of treatment is a first approximation having a valid-
ity governed by the validity of the assumptions.

For the electrodes involved in these experiments the

normalized oxygen evolution rate is,

o
(1) = ..% i(l _.e"’k;t) + ( 1 - ."kzt)}

vhere A° = amount of oxygen source material at the:
instant of current interruption,
C = capacity of the positive electrode expressed

in the same units as Ao,

k1’ k2 the rate constants for the two oxygen evolu-
tion processes, units of reciprocal time

t = time

By multiplying equation with a factor, ol , it can be given
in terms of pressure. This equation is needed in the form
of the derivative which is the increase of pressure due to

the self-discharge reactions at the positive electrode,

@) Ql - A% k, ;k, € + kz,"“z‘
dt rise C

The oxygen reduction reaction, under the assumption

made, is given simply by,

3) 4 - okt
at &
decay

where kg is the rate constant for oxygen reduction from the

gas phase.
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The net pressure change in a cell after interruption
of charge, provided it is in overcharge for a sufficiently

long period, is:

©

(4) dap = SAA k k. t}) + koexp(-k,t) <-k_P.
dt ch lexp( 1 k2 kZ A

net
When both sides of the equation are multiplied by exp(kst)dt,
the equation may be integrated. Instead of assuming that
the cell is evacuated at charge interruption, we shall merely
state that at t = 0 the pressure of oxygen within the cell

is P,. Using these boundary conditions, the final form of
the equation is,

k, A° kgt <k, t k,y A°
L LN 2
(5) c(kl ek ) %(1 e ) - (1-e 8 )} + c(“z"kg)
i(loa katy . (1~e"‘s°)§ + roe"“s‘.

C(kz-
I If equation 5 is differentiated and set.equal to zero,
it can be seen that the time to reach & maxi{mum pressure
will be dependant upon the initial preszsure. Another use-
ful expression may be derived from equation 5. To determine
the initial pressure change rates the exponents may ba ex-

panded and the squared and higher terms neglected yielding,

K A° K, A° '
(6)t-§o-cﬁ;7;) {klt k ot +C(k2 T ) k,t= k td + P°(1=kgt).

Equation (6) may now be differentiated to yiald,

&4 A°
(k) + kp) - P, Kk

¢ -
(7) Rate, . tial ¢

g.
Consider equation {5). If the pcsitiw electrodes are
isolated, kg may be se: equal to zero since oxygen reduction

can not occur. The resulting equation is then idential with
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equation 1, as it should be. Also, as Py is increased in
magnitude, the effect of the other terms on the right hand
side is diminished. That is to say, that the maximum pres-
sure rise is decreased as Po is increased. It also follows
that the time to reach a maximum pressure is decreased as
is increased. At high enough values -of S the time to
reach the maximum pressure will be zero.

Equation (7) indicates that the ptessure due to oxygen
within a cell is decreased continuously, and it will affect
the initial pressure changes. As a matter of fact, when tﬁe
second term on the right hand side i§ greater than the first
term, there will be 'only a decrease in pressure.

Pitting of equation (7) to the data obtained in the last
quarterly report and during the quarter covered by this re-
port will constitute the remainder of this section. The
values of each constant term will be ascertained. By assum-
ing that all the k's remsin unchanged, the effect of over-
charge current on A° will be determined. Then by varying
temperature the effect upon initial rates will be determined.
The value of kg un‘be» changed by flooding the cellﬁ.

2, Experimental

Several nickel-cadmium prototype cells were used. A
diagram of one was shown in Figure 6 of the Eighth Quarterly
Report. The diagram depicts 2 pressure transducer. Nine
of the cells used had a bourdon tube pressure gauge, aﬁd one
cell was equipped with the transducer. A constant current
8upply13 was emplqyed‘ across the potentiometer of the trams-

ducer. The output was recorded on a Eristol Single Pen re-
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corder scanning at 4 inches per hour. The full scale of
the recorder corresponded to 2 stmospheres.

Cells were charged at a constant current obtained by
ballasting a 30 volt DC line supplied by a constant poten-
tial source (a Vickers Welding supply). When each cell
was in overcharge the pressure was adjusted to the desired
level. This was accomplished by evacuation and/or pressur-
ization with oxygen. When the pressure wae brought to the
appropriate point the cell was sealed and the current si-
multaneously interrupted. This technique was employed not
only during the quarter just completed, but during the prior
quartef. The data taken 2nd recorded in the Eighth Quarterly
have a lapse in time between charge interruption and evacua-
tion, and can not be used in a quantitative manner.

3. Results
a. Oxygen Decay Curves
In order to obtain an order of magnitude for ks under
various conditions, oxygen pressure decay curves were de-
termined on a cell when in an unflooded condition, and
aiso later when flooded. These data are shown in

Pigure 9. The effective rate constant for an unflooded

cell is approximately 50 times greater than for a flood~

ed cell in the higher pressure region sbove 2/3 atmos-
pheres,

b. Unflooded Cells

The pressure changes encountered in sealed cells

are expected to foilow equation 5. The cell was charged




23.

at C/10 for 24 hours at 77°F (oil bath). The pressure
adjusted at zero for the first xun and 1/3 atwosphere
higher on each run thereafter until the initisl pressure,
P, was 1-1/3 atmospheres. The pressure gauge, & bour-
don tubs, was read visually. A plot of the pressure
versus time is shown in Figure 10. The 1n1t1§1 rates,
at which the pressures rise, decrease with an increase
in P o The maximmn pressure rise also decreases with
P, until, with the cell tested, at 1-1/3 atmospheres
there is no perceptible rise at 2ll. The pressure de-
cay after the maximum 18 reached appears to increase
with increasing P,, and the time to reach the maximum
appaars to steadily decrease with an increase in P_.

The initial pressure rise as a function of P, is
shown in Figure 11. The equation that fits the
straight line shown in this Figure is:

Equation (8) has the same form as (7).

The time for the pressure to reach a maximum value
is plotted versus the initial pressure in Figure 12,
and the maxfmum pressure rise is plotted against the
initial pressure i{n Figure 13,

The dats of the last quarterly report for initial
pressure rise at several low temperatures asre plotted
versus the charge rate in Figure 14. Three charge rates
were used., Since a cell that is not charged at zll can
not have a pressure rise, these data were extrapolated

to the origin. These data will satisfy equation (7)
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when P, is set equal to zero. Since the initial pres-
sure rise at each temparature is dependent upon the
charge rate, A° muse be dependent upon the charge rate.
The slope of each line is therefore given by (cAX)(ky+ky).
But kl'VZO kZ’ and the activation energy of the rate con-
stant kl may be obzained by tsking the slope of s plot
of the relative slopes of Figure 7 against the recipro-
cal of absolute tempersture. This is shown in Figure 15.
This slope corresponds to an activation energy of 3.92
kcal/mole.
c¢. Flooded Cells

Since the aoxygan consumption rate is decreased by au
order of magnitude or more when a cell is flooded, equa-
tion (7) becomes simplified. The last term may be
neglected while taking the initial rate data.

Cells were flooded until the electrolyte was above
the level of the plates. The pressure transducer was
used to record the changes. The results obtained at a

0.6A charge rate at 77°F are given in Table I. It is

seen t:hat:.the initial pressure increase rate is essen-
tially independent of the initial oxygen pressure.
The total smount of rise i3 alsc wvirtually independent
of the initial pressure. These are the results to be
expectedAfo.r fl@ed cells on the basis .of the theory
developed.

An example of the strip chart record is shown in

Figure 16. It is seen that after a sufficiently long
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time the pressure does decay. This is to be expected
when the elapsed time is long enough to invalidate
the necessary assumption for initial rate data.

It is possible to have flooded sealed cells accept
an overcharge. This is achieved by continued venting
of the cells when the pressures reach about 100 PSIG.
When such cells are in overcharge, apparently nearly
all oxygen transfer is from the positive electrode in
a8 dissolved form. If this is true, then no pressure
rise is expected. Figure 17 shows that this, indeed,

is what occurs.

B. BLANK ELECTRODE CELLS

The blank electrode ceils wvere described earlier. They are
identical with the previcusly described cells, but the negatives
are uvnimpregnated. These cells are pressured with oxygen and
then placed on charge. Oxygen will then be consumed during
charge. If the oxygen consumption rate is less than theoreti-
cal, the difference i3 ascribed to oxygen generation at the
positives which decreasas the current efficiency of the system.

The results reported here are preliminary im nature, In-
ternal checks on the method were obtained using a silver anode
in place of the Ni (05)2 anode. These cells were constructed
primarily for an investigation of the oxygen reduction reaction.
Several were constructed with reference alectrode. These data
sre presented elsevwhere in this report.

1. Theory

When current is passed through a Nl (OH)2 - blank or

Ag-blank cell there are electrochemical processes occurr-



ing at both electrodea. For the Ni (OH)Z electrode we

postulate the following:

i
(9) Ni (OH), + O ——> NiOOH + H,0+ e~
i .
(10) 4 oH” —-—-}024-1120+4e‘
1
(11) ¥ (OH), + O ————>4A; v e,

Equation (9) is the conversion of tﬁe discharged material
into active material. Equation (10) represents the possi-
bility of the direct evolution of oxygen by an electrochem-
ical process. Equation (11) 1s the electrochemical formation
of the unstable oxygen eourcen. This source decaye into a
second source, Ay, vith the simultaneous evolution of oxygen.
Az decays again releasing additionsl oxygen. These decompo-
sitions may entirely account for the oxygen found, eliminat-
ing the necessity of postulating the oxidation of hydroxyl
ion given in equation (10). Regardless of the particular
mechanism, any current going into the reactions 10 or 1l
will be evidenced as oxygen. It is this fact that naites

the method of study used here s feasible method.

At the silver anode, the following reactions occur se-

quentially: .
(12) 2 Ag + 208 — > Ag,0 + H,0 + 2e”
i

(13) Ag0 + 208 —>2Ag0 + HO + 2e .
Equation 10 i3 postulated as a possible side reaction, es-
pecially during charge st the upper plateau corresponding
to equation (13). The potential will determine the pro-

cesses occurring. Equation (12) occurs at a potential
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less anodic than equation (9), but equation (13) requires
8 more anodic potential than equation (9) increasing the
likelihood of the oxidation of hydromyl fon. Of course,
this muet be tempered by the cvervoltage of oxygen upon
the electrode inmvolvad.

Consider the experimentsl cell. It has a gas volume V,
is charged bat: I amperes at an absolute temperature T, and
is pressured with oxygen to P atmospheres. When the oxygen
is consumed at the negative blank electrode, it must do so
at a rate proportional_ to the current. Using the ideal gas
law, we mgy write the pressure decay as:

(14) dp _ EI dn
de V de °’

vhere n {5 the mumber of moles of oxygen consumed and the
other symbols have their usual significance. Multiplying
by the number of alectrons required to produce a molecule
of oxygen, 4 X, and using the relationship (N = Avogadro's
number )

(15) 1 = =2z¥ % .

where F is the faraday of electricity,

(16) dp _ RT

dt "4 ! -
E«juation (16) therefors represents the theoretical rate of
oxygen consumption, and is expected to hold until the oxygen
pressure decreases to the point where this process no longer
occurs. At this time it is expected that the potential will

increase as the blank electrode changes from an oxygen con=
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sumption electrode into a hydrogen evolution electrode.

The pressure rise during hydrogen evolution should
occur at approximately twice the rate at which oxygen
is consumed, since only 2N 2lectrons are required to
produce a mole of hydrogen.

2. Results

Several cells were prepared for this work. The vol-
umes wvere determined by a gas expansion procedure. A
cell case and cover with a pressure gnugp‘were used to
form a pressure vessel. Its volume was determined with
water. It vas pressured with N, (Be gave the game re-
sults), connected to the evacuated cell, the volume of
which was being determined. From the pressure drop, the
volume of the cell was determined.

The cells were evacuated, then pressured with oxygen
to approximately 50 PSIG. During a 0.6 A charge, the
pressure decay rates were measured manually, and data
taken corresponding to oxygen consumption, and finally
into the region of hydrogen evolution. The terminal volt-
age vas simultaneously mealufed.

Typical data for a nickel-blank cell are shown in
Figure 18, and for a silver-blank cell are shown in Pig-
ure 19. During the oxygen consumption period the cell
voltage is fairly stable, even at the lower pressure
region. The shaxp rise in voltage occurs in the neigh-
borhood of the hydrogen evolution region. The flatten-

ing of the curve at the higher oxygen pressures iz not
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unexpected. The Nernst equation for a hydrogen electrode
leads one to expect the voltage to be proportional to the
logarithm of hydrogen pressure, which accounts for the rela-
tively low rate of change of terminal voltage with increas-
ing pressure. ‘

The pressure behavior is, in most respects, that which
was predicted in the theoretical section. Oxygen is con-
sumed at a rate approximately related to current. Hydrogen
is evolved later at approximately twice the rate for oxygen
consumption.

The first cell investigated in thie manner was initially
used for other experiments, and it turned out that the posi-
tives were nearly fully charged. The charge efficicncy is
given in terms of the deviation of the slope from the theo-
retical slope. It averaged 27% low.

A cell using szilver anodes and blank cathodes was next
investigated in both the oxygen consumpti&n and hydrogen
evolution region. These resuits are given in Table II. A
second nickel oxide-blank cell was made. In this case the
electrodes wera discharged initially so that changes in
efficiency could bg determined as a function of the state -

‘of charge. These data are also in I?§$9“11,>

These d;t;vare considercd preliminary in nature. The
errors in measuring volume and current is small enough to
be ignored. The pressure measurements from which the rate
determinations sre made is estimated to be about 3%. An-

other source of error is in the use of the ideal gas law,
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and may also be a few percent.

The rate determination errors should be random. The
uege of the ideal gas law will yield results that are low,
so that the net result is that Table II would have nega-
tive signs indicating negative deviations.

As a first approximation we may neglect the errors,
and give the charge efficiency of the positive electrodes
as shown in Figure 20. These 3 points, represent the aver-
age values of oxyécn consumption deviation from theoretical
in the intervals indicated by the horizontal arrows. These
are for V0-6 HS type positive electrodes charged at 75°F at
C/10. These points do indicate that the current efficiency
of the positive electrodes is always less than unity and is
dependent upon the state of charge. The decreasing effi-
ciency indicates further the need for overcharge in order

to compictely convert the Ni (0!1)2 into the higher oxide.

UTILIZATION OF ACTIVE MATERIAL

1. Experimental Procedures

Eight 6 ampere hour hermetically sealed cells were em-
ployed in groups of four cells to complete the controllad
potential charge efficiency tests at temperatures of 50,
25, 0 and -15°F. Each group of four cells were first
brought to one of the selected temperaturee; then one cell

of a group was charged at one of the test potentials which

were 1.45, 1.50, 1;55 and 1.60 volts. The charging proced-

ure and circuit employed has been described in detail in
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the Ninth Report. The pressure changes during each charge
were monitored at frequent time intervals. The ampere-hour
input at any time during the charge was determined by inte-
gration of the current-time curve obtained by means of a
single pen recorder model. The type of gas evolved was
again determined by ignition.

After completion of charge, each cell was discharged at
3A to 1.0 volt.

2. Experimental Results

The curves relating pressure changes during charge to
charge input at the experimental temperatures and poten-
tials are given in FPigures 21 - 24, It may be seen that
the charge input required to produce gas decreases as the
charge potential 1s incressed, while the input increases

as the temperature is decreacsed from 50° to 25 (Pigures

21 and 22). However, at the 0° temparature (Figure 23),
the order of gas initiation is reversed with regard to
charge input, that is, charge input for gas onset de-
creases as charge potential is decreased. At -15°F
(Figure 24) the order {8 again reversed and is the same as
is given for the 50° and 25° temperatures. Thus two in-
version points were obtained which may be again implied
from an examination of Figure 5, where charge potential

is plotted versus charge input to start pressure rise.

The inversions are indicated clearly by the near-asymmetry
of the 0° to 50°F isotherms and the displacement of the

-15° isotherm, which is out of sequence. There appears
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to be an inversion charge potencial in the vicimity of 1.553
volts. In Figure 26, where temperature is shown as a func-
tion of charge input for gas production, the graph is more
informative than Figure 25. 7The equipotential contours
intersect in two points, corresponding to two inversions

in the sequence of charge input. The inversion tempera-
tures are at approximately +10 and =10°F. It should also

be noted that the gases evolved (shown at the dotted line
izotherms in Pigure 26) was oxygen at 50 and 0°F and
hydrogen at 25°¢ and -15°F.

Steady state pressures and/or pressure rise to 150 FSIG
were obtained throughout the tests. FPigures 21 - 24 ghow
that the magnitudes of the developed cell pressures increase
with increasing charge potential and temperature. fThis
applies to steady staete cases as well as those in whic"n
150 PSIGC was reached during charge,

The capacities of the cells upoxi"dis‘charg’n. at 3.0 amps

to 1.0 volt are given in Yable III.

D. DISCUSSION

The theory developed to help interpret the pressure change
data obtained n~fter charge did yield mathematical exprassions
that are in agreemant with experimant. From application of
this theory it is deduced from Figure 14 that the smount of
the firet unstable nickel oxide formed is dependent directly

upon the charge current and ie also dependent upon temperzture.



The blank cell work shows that there is a side reaction
that is responsible for a current efficiency of less than
unity. The efficiency does appear to be dependent upon the
state of charge of the positive electrodes as seen in FPig-
ure 20. This indicates the need for an overcharge in the
nickel-cadmjum system in order to obtain full capacity.

It has been previously reported 14 that at low charge
rates the capacity of Ni-Cd cells is decreased. A plot of
these data is shown in Pigure 27. If this fall~off of cap-
acity at the lower charge rates is due to formation of ua-
stable oxides, then one would expect that the amounts formed
at lewer chargs rates would not decrease. Experimentally
they do dacrease. It is therefore presumed that the parasitic
reaction responsible for the lessened capacity at low charge
rates is due to the generation of oxygen as given in equa-
tion (10). If the negative deviations given in Table I for
the silver electrode 1is real, instead of containing an error
of comparable magnitude due to use of the ideal gas law,
then one would presume that equation (10) also occurs in this
system. GCGenerally, the charge efficiency of the silver-~cad-
mium system is high, 96 to 98%. The agreement between the results
of this work and the results of others on the charge efficiency
tends to provide additional support for the conclusion that
hydroxyl ion converted electrochemically to oxygen and water
is the side reaction responsible for the lowered charge

efficiency of the positive electrodes.



The controlled potemtisl charge method is cousidersbly
more complex in analysis than the constant current method.
However, if the controlled potential charge curves are
characterized by their component parts, the factors affect-
ing cell behavior under controlled potentisl charge condi-
tions will be uncovered,

In Figure 28 is shown a typical set of controlled poten-
tisl charge curves cobtainsble at any temperature under the
experimental conditions. It will be seen that any of the
controlled potential charge curves are separable into three
parts: (1) a limiting current region, which {s in reslity a
constant current charge; (2) a current decay portion; and
(3) a plateau region, wvhich msy be regarded as a second con-
stant current charge. These curves should be in many respects
similar to a step-type charge, and indeed this {s supported by
the data. It was found during the course of the tests that
each portion of a given curve varied with charge potential and
temperature in a specific manner independent of the remainder
of the curve, but in a definite relation to other curves in
the group(s). Thus, it was found that region 1 in this figure
increased in length as the potential and temperature increased;
the slope of region 2 incressed in magnitude with increasing
potential and temperature; the current associated with regions
(1) and (3) increased with increasing potential and tempera-
ture,

In previocus work with constant current charging, it was

found that the efficiency of the positive is enhanced as the
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current is iancreased, while the efficiency of th§ negative
is increased as the current is decieased. The side reaction
associated with efficiencies < unity are the oxidatiom of
watexr at the anode to form oxygen and the reduction of water

at the cathode to form hydrogen. Furthermore, the negative

. 4s depolarized by oxygen reacting with adsorbed hydrogen on

it to form water. It was also indicated that the relative

efficiencies of the electrodes determine cell behavior during

charge. With these factors at hand, the controlled potential
curves will now be treated in terms of electrode efficiemcies.

An examinstion of Figure 28 shows that there are three
diatinct types of curves to be studied:

Case I. The limiting current is of sufficient duration to
fully charge the pozitive. Under these circum-
stances the positive has an efficiency near unity,
because we are going into overcharge at constant
current. Furthermore, shortly after region 1, the
current decays rapidly, and the positive is becom-
ing relatively less efficfent than the negative,
especially at the low plateau current. Consequently,
after oxygen is consumed for depolarization of the
negative, excess oxygen will be evolved to 150 PSIG
or steady state pressure will be achieved. (See Fig. 21)

Case 1II. The limiting current is not of sufficient duration
' s:éiff'ixl‘l}‘ cHarge the pos icive.

There are two possibilities here: (a) full charge of

the positive may be attained at some point on the de-



Case III.

cay portion (region 2) or (b) not. If the former

is the case, then the positive becomes inefficient
latar than in Case I, while the negative is rela-
tively inefficient for a longer period of time at
this high current. Yhus hydrogen will be evolved

at 150 PSIC or steady state (see Figure 22). If

(b) is the case, the current will decay rapidly, at
some point the negative will be effectively depolar-
ized, the current will fall to a low level to en-
hance negative efficiency, and oxygen will be evolved
(see Figure 23),

The limiting current is so low and the length of the
decay portion so long that the nagative is again
relatively less efficient than the positive so that
hydrogen is evolved. This is clearly the case de-
picted by Pigure 24, Also, depolarization of the neg-
ative occurs very sluggishly at this low temperature,
since the reaction to form water is not electrochemi-
cal.

In regard to Figures 21 - 24 cited sbove, it should be
noted that each case given was meant to explain the
behavior of individual curves within a group and not
the whole group. Probably all cases may occur within
a group. But, the explanations given above were de-
signed to indicate the many ways that the factors in-
volved could combine and influence electrode effi-

ciency and lead to the inversions shown in Figure 26.



Although the celle had varying charge inputs, the
discharge data given in Table III are useful,
since in most instances, the cells were allowed
to reach 25% or better overcharge which is suffi-
cient, as indicated in previous reports, to estab-
lish cell capacity. It can be seen immediately
that cell capacity increases as the charge poten-
tial increases, and decreases as the temperature
decreases. These data, along with the results ob-
tainable from Pigures 21 - 24, indicate that the
optimm charge potentisl and temperature consist-
ent with the criteria of low pressure, reasonable
duration of charge and safe overcharge currents,
would be 1.50 volts at 25°FP. This selection would
yield 7.0 AH out, for 9.3 AH in, with a developed

pressure of 23 PSIA.

37.
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¥. TIMPROVED ELECTRODES

Research and development efforts on nickel-cadmium cell elec-
trodes were aimed at improving the energy to weight and energy to vol-
ume ratios, with the primary emphasis placed on the former. It was felt
that an increase in the ampere-hour capacity of an electrode of a fixed
size and weight, would result not only in a better weight efficiency, but
an improved volume efficiency as well. Our approach was such that an im-
provement in one area meant an improvement in the other one also.

The Gulton VO-HS series cells which have been designed specif-
ically for space applications are such that about 55% to 60Z of the total
cell weight represents the weight of the positive and negative plates.
Consequently, sbout 0.061 to 0.066 smpere-hours/gm of plate are reﬁuired
to achieve a 20 watt-hour per pound ratio for a cell (0.061 AH/gm are
required for the ¥0-20 HS cell and 0.066 AH/gm are required for the VO-6HS
cell to achieve the 20 watt-hours per pound). For these reasons results
will be discussed in termsof weight gain or AH capacity achieved per unit
weight of plate. |

Development efforts to achieve higher plete loading have been

concentrated on trechniques to effectively load more dissolved nickel and
cadmiur' into the sintered carbonyl nickel plaques. Nickel nitrate and
cadmium nitrate were dissolved in low surface tension solvents in such
concentration that one cc of solution contained one gram of the salt,
The plate was immersed in the solution, dried, and the nitrate converted
.to the corresponding hydroxide by treatment with KOB. The plate was then
weshed to remove excess KOH and dried. This cyc]le was repeated until the
desired pickup was achieved. The impregnated plates were then assembled
ianto vented, flooded cells and chugeedischarge cycled at the two hour

rate to determine the AH capacity.



39.

In the early phases of this program impregnation of plates
using molten salts were also examined. Cd (no3)3-4320 (m.p. 59.400)
and Ni(H03)2'6H20 (m.p. 56.7°C) were heated to 80°C and used in the
impregnstion cycle described ebove. However, after two trials, the
results achieved by this technique were so poor compared to the low
surface tension solvent method that this approach was abandoned.

If the active materials are used with a 1061 efficiency 3.46
gms of Ni(OH)z and 2.72 gms of (.‘.cl(OI-l)2 (the active material while the
cell is in the discharge state) are required for one AH of capacity.
Earlier work had shown that while the positive active material can be
utilized with a 1007 efficiency, the negative one is only 80% efficient.
This means that 3.40 gms of Cd (OK)2 are required for one AH of capaéity.
In addition, for successful sealed cell operation, an excess negative
capacity is desirable. Assuming that a 307 excess negative capacity is
required for overcharge capability, the amount of Cd (OH)2 needed for
one AH ie increased to 4.42 gms. That brings the total amount of ac-
tive material required to 7.88 grams /AH for a sealed cell,

Results of active msterial impregnation using low surface
tension solvents, are summarized in Figures 29 to 31.

Figure 29 shows the positive active material pickup as & func-
tion cycles. As may be seen, the pickup is uniform for the first three
cycles, but as the plate becomes loaded, the pichxp’diminishes. As the
figure indicates, a continuation of the impregnation cycling would in
all probability iesult in an even greater pickup. However, our aim has
been to achieve a certain plate loading, and after this goal had been

achieved, the process was stopped.
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Figure 30 shows the active material pickup for negative plates.
As may be seen, a much higher loading {s possible for sn equivalent nega-
tive plste. In fact, four to five cycles would héve been sufficient to
match the desired capacity bssed on the svailsble positive capacity. Any
excess negative capacity beyond that which is required merely serves to
reducé the watt-hour per pound rstio of the cell.

Pigure 31 shows the actual AH capacity achieved when the cells
were cycled at the two hour rate. Values are based on the weight of both
positive and negative plates, assuming that the weight distribution be-
tween positive and negative plates are divided in a ratio of 45 to 55.

As may be seen, we have achieved s figure of 0.0658 AH/gm of plate, or

20 watt-hours per pound of cell when discharged at the two hour rate to

1.0 volt per cell.

rkw
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V. CONCLUSION

‘This report is the last of a series of Quarterly Reports
under Contract NAS 5-809. These 10 reports contain the results of
experimental work to design, develop and manufacture storage batter-
i{es for satellites. The last 3 reports of the series include, in
addition, work on electrode improvements, charge efficiency and a
fundamental investigation into the reduction of oxygen at the nega-
tive electrode of the sealed sintered plated nickel-cadmium system.

The highlights of the work performed will be reviewed and
presented in a Final Report. This report will summarize the advances
gnd findings of the ten quarters during which the contract ran.

Some significant advances have been made under this con-
tract and Gulton Industries expresses their appreciation to NASA for

their support.



42,
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The following staff personnel worked on this project dur-
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Dr. H. N. Seiger Asst. Director of Research
E. Kantner Senior Chemist

A. Lyall Chemical Engineer

H. Cohen Physical Chemist



TABLE I.

43.

PRESSURE RISE AS A FUNCTION OF INITIAL OXYgEN PRESSCURE CHARCE

AT 0.6A FLOODED CEiLL 77°F

INITIAL RATIE OF

INITTAL PRESSURE PRESSURE RISE
&Em. atm/min,
0.0} 0.03%
0.20 0.034
0.40 0.035
€¢.59 0.029
0.78 0.034
0.9 0.040

Average 0.036

MAX TMUM
PRESSURE RISE

atm
0.41
C.43
C.41
0,31
0.39

C.44

£.40



TABLE II.

DE% IAYIOK OF OXYCEN CONSUMPTION AND HYDROGEN EVOLUTION RATES

FROM THEORETICAL VALUES (BLAMK CELL DATA).

DEVIATTON OF 0, DEVIATION OF nz
CRLL EXP, NO, CONSUMPTION, % EVOLUTION, %
i Blank (1) 3/12 =1 .28 ~32
¥i Blank (1) 3/13 =2 24 =24
Ag Blank 3/13 -1 A 12
Ax Blank 3/14 =2 -3 -8
Ni Slank (2) 3/15 =1 -7 -4
1 mlank (2) 3/15 =2 =14 -4

Ni Blank (2) 3/15 =3 =18 -23



TAELE 1LY, 45.
CAPACIFIRS OF CELLS CIARGED A%
CONSTANT POUEMIIALS

DISCHARGES AT 3a 70 1.0 VOLT
* Capacities {n Awmpere-Hours

{ B ‘R!ﬂk o) (a]
FOTENT IAL 50°%F 25°F o°r <157
voltg
145 6.2 (8.%) 5.5 (8.4) 5.2 (5.5 3.0 14.6)
1.50 6.8 (11.6) 7.0 (9.4) 6.8 {10 2, 5.8 (7.6}
155 7,0 (14.3) 7.2 (9.3 7.1 (4 7 5.7 (B.&)
1.60 7.6 (11.1) 7.8 (14 R) 6.7 (14 3, 6.9 (11 5}

¥ Charge ioputs are in pareathesis
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Figure 7 Dehmelt and von Dohren, Proc. Power Sources Conf.
13th Ann., 1959, pp. 85-89. Date taken from Figure 5
at a constant current of 7.5 ma. (~ C/20)
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Figure 19 Pressure and Voltage Changes in a Sealed

Silver~Blank Cell During Charge at 0.6A
After Pressurization with 50 psig Oxygen



CHARGE EFFICIENCY, MEAN

100%

90%

80%:

70%

60%

50%

WMEST W ERWwwYTwW T's ¥

g 0 >
-
1 2 3 4 "6
INPUT, AMPERE-HOURS M1669
‘ AB3000-10

Figure 20 Mean Charge Efficiency of VO-6 HS Cells
as a Function of Charge Input



PRESSURE, PSI

e 1,45V
o2 A 1.55V
;{ O 1.60V
160¢
0,
12¢7] 4
1004 /,
/A %2
80 /
A
60 /
40 j
20 ‘
j 2
s CDARO - 41Zr.
/A 8 12 16 20 24
INPUT ~ AMPERE HOURS \ M1695

: 'AB3000-10
Figure 21 Pressure Rise During Controlled Potential

Charge of VO-6 HS Cells:at S(°F



PRESSURE, PSI

160

140

120

100

80

60

40

Figure 22

T = 250F
I e 1.45V
QO 1.50v
A 1,55V
O 1.60v
H,
/A Hy
H
/ yA
Hy
1
. 12
2 15 20 4
INPUT - AMPERE-HOURS ‘ M 1696
AB3000~10

Pressure Rise During Controlled

Potential Chaxrge of VO-6 HS Cells

at 250F



PRESSURE, PSL

Charge of V0-6 HS Cells at Q°F

0 05
160 ? ?
& 1,45V
O 1.50v
A 1,55V
0 1.60v
140
120
100 /
80
60
| o o
40
()
o)
X
oA
()
20
/
N b 02
E‘-\'e' 4 8 12 16 20 24
INPUT, AMPERE-HOURS / M 1697
AB3000~10
Figure 23 Pressure Rise During Controlled Potential




160 °

140

120

100

60

PRESSURE, PSI

40

20

Charge of VO~6 HS Cells at =15°F

AB3000-10

® 1,45V Chaxge
O 1,50V Charge
Al ge
O1 rge
Hy
|
T e
Hy
M\ H,)
L
4 8 12 16 .20 24
INPUT, AMPERE~HOURS ’ M1698
Figure 24 Pressure Rise During Controlled Potential



01-000€9V
669

saanjexadwsy snoriep 1B STTOD
SH 9-0A UT 9STY 2anssaig 3xeig 03 andug o8xey)

SYNOH~-TYIIWY ‘TLNINT HOEVHD

K4

gz 2an31d

1,0

\ 50

08

do6T

ICT- /

..HDA.V 7_\

|08 g

A
2 _

[

o

—M

Syl

0s°1

6s°1

\091

SITOA “TIVIINALOd IDYVHD
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Figure 29 Weight Gains of Positive Plates
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Figure 30 Weight Gains of Negative Plates
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Figure 31 Ampere-Hour Capacity Gains as a
Function of Impregnation Cycles




